Objectives-This study was designed to test the effectiveness of common carotid artery sonography in comparison with transthoracic echocardiography (TTE) for cardiac output measurements to provide an easier alternative for cardiac output monitoring in the intensive care unit.
S
onography has become increasingly popular in intensive care units (ICUs) as an important noninvasive method for hemodynamic monitoring and cardiac output measurement. However, as most intensivists are not professional sonographers or sonologists, they often face difficulties in measuring cardiac output by flow velocity through the left ventricular outflow tract, especially when dealing with suboptimal cardiac windows due to positioning difficulties, interfering incisions, or wound dressings, which are common conditions in ICU patients. Thus, several studies have focused on this problem and found that common carotid artery blood flow and Doppler waveforms were related to cardiac function, [1] [2] [3] suggesting a feasible alternative for cardiac output measurement. However, other studies reported a weak relationship between them and suggested that carotid blood flow could not be used to provide noninvasive estimates of the cardiac index, 4 ,5 ejection fraction, stroke volume, or cardiac output. 6 As most of these studies has small sample sizes and selective patient pools, we did a larger study including ICU patients with various underlying conditions to investigate the effectiveness of common carotid artery cardiac output measurement in comparison with transthoracic echocardiography (TTE), which to our knowledge has not been discussed before. This study aimed to compare common carotid artery sonography with TTE for cardiac output measurements in ICU patients to provide an easier alternative for cardiac output monitoring in the ICU.
Materials and Methods

Study Design
This study was approved by the Ethics Committee of Xiang-ya Hospital, and individual informed consent was not required because of the retrospective nature of the study. This retrospective study enrolled patients who had common carotid artery Doppler examinations and TTE performed within 8 hours of each other in a general ICU at Xiang-ya Hospital from October 2015 to June 2016. Patients who were younger than 18 years, who had cardiac arrhythmias at the time of measurements, and who had carotid artery stenosis of greater than 50% or occluded carotid arteries were excluded. A total of 148 patients were included in this study. Among the 148 patients, 13 (8.8%) had underlying heart diseases (ie, acute myocardial infarction, coronary heart disease, hypertrophic cardiomyopathy, and viral myocarditis), and 2 (1.4%) had vascular diseases (lower limb arteriosclerosis and false aneurysm of the external iliac artery).
Sonographic Measurements
Sonographic measurements were conducted according to a previous study. 1 Briefly, all patients were placed in the semi-Fowler position at 308 with the head of the patient rotated away from the ultrasound operator. All of the measurements were performed by 2 full-time intensivists trained by the Chinese Critical Ultrasound Study Group. The TTE cardiac output and carotid cardiac output were first measured by one physician and then confirmed by the other (blinded to the results of the first). When their results were similar, the data were recorded; otherwise, a third person performed the measurements again, and the average of the 2 most similar results was recorded. With a portable ultrasound machine (Vivid i; GE Healthcare, Waukesha, WI) equipped with a 10-MHz linear transducer, images of the common carotid artery were obtained at the level of the thyroid gland. The intraluminal common carotid artery diameter was measured in cross section and confirmed in longitudinal views. Carotid Doppler waveforms and the time-averaged velocity of 3 to 5 cardiac cycles were obtained with a 1-mm caliper placed parallel to the vessel walls in the center of the laminar flow identified by color flow sonography. Bilateral common carotid arteries were measured except when the image was unobtainable at one side because of catheters or special positioning.
The volume flow was automatically calculated by the ultrasound machine, and cardiac output was calculated by the following formula: cardiac output 5 carotid Doppler flow volume 3 10. 1 For patients who had bilateral common carotid artery measurements, carotid cardiac output was calculated as the mean of the left and right carotid cardiac output values. Transthoracic echocardiographic cardiac output was measured with the same portable ultrasound machine equipped with a phased array 2.0-MHz transducer. The left ventricular outflow tract diameter was measured 0.5 cm below the level of the aortic valve at the point of maximum separation in the left parasternal long-axis view. The aortic velocities were recorded in the apical 5-chamber view 0.5 cm below the level of the aortic valve. 7 Transthoracic echocardiographic cardiac output was calculated automatically by the ultrasound machine based on the left ventricular outflow tract diameter and the tracing of the left ventricular outflow tract blood flow Doppler waveform.
Statistical Analyses
Analyses were performed with SPSS version 19.0 software for Windows (IBM Corporation, Armonk, NY). Data were expressed as mean 6 standard deviation. The level of statistical significance was set at P < .05. Differences between groups were analyzed by a t test or 1-way analysis of variance and a post hoc test. A paired t test was used to determine the difference between TTE and carotid cardiac output. The Wilcoxon signed rank test was used when looking into different primary indication groups because of the smaller sample sizes. The agreement between carotid and TTE cardiac output was assessed by calculating 2-way intraclass correlation coefficient (ICC) values for absolute agreement. The ICC is a measure of the validity of the outcomes and indicates whether there is a strong correlation between values within the levels.
Results
Demographic characteristics of the patients are shown in Table 1 . At the time of the measurements, the heart rate ranged from 51 to 118 beats per minute with a mean of 80 6 17 beats per minute. Bilateral common carotid arteries were measured in 142 patients. Only the left common carotid artery was measured in 6 patients, as clear images were unobtainable on the right side because of jugular vein catheters. Among the patients, the primary indications for ICU admission included neurology, postoperative, septic shock, multiple trauma, respiratory failure, severe acute pancreatitis, acute myocardial infarction, congestive heart failure, multiple-organ dysfunction syndrome, systemic lupus erythematosus, gastrointestinal hemorrhage, diabetic complications, fever of unknown origin, and other. Among the multiple trauma patients, 6 of them (50%) had combined traumatic brain injury.
Cardiac output differences between groups are shown in Table 2 . There was no significant difference between the cardiac output measured from the left and right common carotid arteries. No significant difference in carotid and TTE cardiac output was detected between different sexes, age groups, patients with and without mechanical ventilation, and primary disease groups.
Intraclass correlation coefficients between TTE and carotid cardiac output are shown in Table 3 . The interpretation of ICC values on the agreement levels between TTE and carotid cardiac output followed the standard of a previous study. 1 Overall, there was no statistically 
Discussion
Many noninvasive bedside methods (described in the literature) have been used to attempt to accurately monitor cardiac output: for example, the carbon dioxide partial rebreathing technique, pulse contour analysis, bioimpedance devices, TTE, and esophageal echocardiography. 8 However, all of these methods have their limitations, and their accuracy for measuring trends in cardiac output has not been standardized. Sonography, a popular noninvasive cardiac output monitoring method in the ICU, also provides valuable information on left and right ventricular function and volume responsiveness. However, measuring cardiac output by TTE requires extensive training and practice and thus is relatively difficult for many intensivists. Moreover, ICU patients often have difficulties in positioning because of comas, neck injuries, and cervical spine immobilization collars, as well as interfering incisions and wound dressings, which make it even harder to get optimal cardiac windows. Thus, several studies have tried to use common carotid artery Doppler examination as an alternative for measuring cardiac function. [1] [2] [3] [4] [5] In 2013, Marik et al 9 reported that when passive leg raising was performed to predict volume responsiveness, there was a strong correlation between the percent change in the stroke volume index and the concomitant percent change in carotid blood flow (r 5 0.59; P 5 .0003). Thus, monitoring the changes in carotid blood flow after a passive leg-raising maneuver might be a useful adjunctive method for determining fluid responsiveness. In 2014, Gassner et al 1 found that cardiac output measured by common carotid artery volume flow had almost perfect agreement with cardiac output measured by invasive modalities. Other studies also reported that dicrotic notch velocities and the left ventricular ejection time measured from common carotid artery Doppler waveforms were associated with the left ventricular ejection fraction.
2,3 Thus, measuring common carotid blood flow with Doppler waveforms seems like a feasible alternative to TTE for assessing cardiac function. However, Weber et al 4, 5 found that Doppler-estimated carotid arterial blood flow had only a weak correlation with the cardiac index in healthy volunteers and in patients after cardiac surgery and suggested that Doppler estimation of carotid blood flow could not be used to provide noninvasive estimates of the cardiac index. Eicke et al 6 also reported no correlation between the absolute common carotid artery volume flow and all TTE-tested cardiac output parameters, including the ejection fraction, stroke volume, and cardiac output.
These previous studies focused on different sonographic parameters and different patient groups. For example, Gassner et al 1 compared carotid blood flow with invasive cardiac output measurements, but they excluded pregnant patients, those with any suspicion or evidence of increased intracranial pressure such as traumatic brain injury, and those with acute stroke. Weber et al 5 compared carotid blood flow with the cardiac index measured by the Nexfin device (BMEYE, Amsterdam, the Netherlands) only in patients after cardiac surgery. Eicke et al 6 compared the measurements between common carotid artery sonography and TTE only in patients who had possible cardiac insufficiency due to coronary heart disease or cardiomyopathy. All of these studies had relatively small sample sizes. Thus, it is difficult to analyze the contradictory results on the relationship between common carotid blood flow and cardiac function indices. In our study, we compared cardiac output measured by TTE with cardiac output measured by common carotid artery sonography in 148 ICU patients with different primary diseases. No significant difference between carotid and TTE cardiac output was detected in all patients, and no significant difference in carotid and TTE cardiac output was detected between different sexes, age groups, patients with and without mechanical ventilation, and primary disease groups, which was in accordance with the findings of Gassner et al. 1 These results indicated that the carotid and TTE cardiac output values were similar to each other and could not be influenced by various factors.
However, different from the almost perfect agreement between carotid and invasive cardiac output reported in the study by Gassner et al, 1 in our study, there was only moderate agreement between carotid and TTE cardiac output. When looking into different primary indication groups, the agreement between carotid and TTE cardiac output showed large variability between diseases. Only fair to slight agreement was detected in patients with septic shock, multiple trauma, and respiratory failure. The weak agreement between carotid and TTE cardiac output in these diseases may be due to the changes in blood distribution among organs.
Animal experiments have reported an increase in carotid blood flow in septic shock models because of the hyperdynamic state and a loss of autoregulation of cerebral blood flow, 10, 11 which may have contributed to the fair agreement between carotid and TTE cardiac output. In patients with multiple trauma, 50% of whom also had traumatic brain injury in our study, the unstable hemodynamics, cerebral blood flow alterations, and autoregulation impairments 12 also contributed to the slight agreement. In patients with respiratory failure, the huge inspiratory effort and increased negative pressure in the thoracic cavity changed the proportion of carotid blood flow from the cardiac output, thus influencing the agreement between carotid and TTE cardiac output. On the contrary, in patients with severe acute pancreatitis, there was substantial agreement between TTE and carotid cardiac output, but the absolute carotid cardiac output values were significantly different from TTE cardiac output values, which may have resulted from the changes in blood distribution among organs due to intra-abdominal hypertension in patients with severe acute pancreatitis.
Our study had some limitations. First, the patients included in this study were ICU patients, who were critically ill and had many comorbidities. Studies in non-ICU patients and healthy people are also needed to address the effectiveness of carotid cardiac output. Second, we only compared carotid cardiac output with TTE cardiac output, which are both noninvasive measurements by sonography, but did not compare carotid cardiac output with cardiac output values acquired from other noninvasive devices or from invasive hemodynamic monitoring. Third, the sample sizes of some primary indication groups (septic shock, multiple trauma, respiratory failure, and severe acute pancreatitis) were relatively small, which may have rendered the P values insignificant. The differences in the agreement between carotid and TTE cardiac output in different diseases deserve further large-scale studies.
In conclusion, our study suggests that cardiac output measured from common carotid arteries has moderate agreement with TTE cardiac output; thus, it may be considered as an alternative for estimating cardiac output in emergencies and when TTE cardiac output is unobtainable. However, as there was only weak agreement between carotid and TTE cardiac output in patients with septic shock, multiple trauma, and respiratory failure, the use of carotid cardiac output is not recommended in these patients.
